Rationale Social factors influence drug abuse. Conversely, drugs of abuse alter social behavior. This is especially pertinent during post-weaning development, when there are profound changes in the social repertoire, and the sensitivity to the positive and negative effects of drugs of abuse is altered. Objectives This study aimed to provide an overview of our current understanding of the interaction between drugs of abuse and juvenile/adolescent social behavior. Methods We first provide evidence that a characteristic form of juvenile and adolescent social behavior, i.e., social play behavior, has reinforcing properties and is affected by drugs of abuse. Next, social risk factors for drug use and addiction are described, including antisocial personality traits and early social insults. Last, we discuss research that investigates social influences on drug use, as well as the consequences of perinatal drug exposure on later social interactions. Results Social play behavior is highly rewarding in laboratory animals, and it is affected by low doses of opioids, cannabinoids, ethanol, nicotine, and psychostimulants. In humans, antisocial personality traits, most prominently in the form of conduct disorder, are a prominent risk factor for drug addiction. Preclinical studies have consistently shown altered sensitivity to drugs as a result of social isolation during post-weaning development. The social environment of an individual has a profound, but complex, influence on drug use, and perinatal drug exposure markedly alters later social interactions. Conclusions The studies reviewed here provide a framework to understand the interaction between drugs of abuse and adolescent social interaction, at the preclinical and the clinical level.
Introduction
Humans and many other mammalian species are social animals, spending a substantial amount of time in interactions with conspecifics. Social species engage in dynamic and flexible relationships with other individuals, ranging from temporary aggregations to permanent groups. This social environment is of fundamental significance for species that rely on parental care and social needs beyond the individual (Cacioppo and Hawkley 2009; Miczek et al. 2008 ). The social repertoire of an individual is not fixed over time, as it undergoes profound changes throughout the course of life. Marked alterations in the structure and function of social behavior take place during post-weaning development, including an increased complexity of the social repertoire and a shift in the social interest from parents to peers (Blakemore 2008; Crone and Dahl 2012; Nelson et al. 2005; Spear 2000) .
This social re-orientation is a critical developmental event during which the brain undergoes substantial functional and structural changes (Blakemore 2008; Counotte et al. 2011; Crone and Dahl 2012; Nelson et al. 2005; Spear 2000) . Social experience during post-weaning development (i.e., childhood and adolescence in humans, roughly equivalent to the juvenile and adolescent stages in rodents) is thought to facilitate neural and behavioral development (Graham and Burghardt 2010; Pellis and Pellis 2009; Špinka et al. 2001; Vanderschuren and Trezza 2013) . Similar to humans, most young mammals spend a significant amount of time and energy in play with peers, such as running, chasing, climbing, and play fighting (Fagen 1981; Graham and Burghardt 2010; Panksepp et al. 1984; Pellis and Pellis 2009; Špinka et al. 2001; Vanderschuren et al. 1997) . Indeed, it has been estimated that young animals spend about 20 % of their daily time and up to 10 % of their daily energy budget in playful activities (Pellis and Pellis 2009) . It is thought that social play subserves the development of an adequate and flexible behavioral repertoire (Graham and Burghardt 2010; Pellis and Pellis 2009; Špinka et al. 2001; Vanderschuren et al. 1997; Vanderschuren and Trezza 2013) . Conversely, disruptions in the early social environment can result in persistent neurobiological changes that may increase the vulnerability for psychiatric disorders later in life (for reviews see Braun and Bock 2011; Cacioppo and Hawkley 2009; Curley et al. 2011; Karelina and DeVries 2011; Nemeroff 2004) . During adolescence, a period of profound maturational changes in brain and behavior (Blakemore 2008; Counotte et al. 2011; Crone and Dahl 2012; Nelson et al. 2005) , many humans start experimenting with psychoactive substances, such as alcohol, tobacco, and cannabis. Remarkably, studies in humans and animals have provided ample evidence that the sensitivity to the rewarding, as well as the aversive subjective effects of drugs changes during adolescence (Schramm-Sapyta et al. 2009 ). Although the picture is incomplete, it seems to be that the positive effects of drugs (i.e., euphoria, feeling "high", wanting more drug in humans, and increased self-administration and conditioned place preference in rodents) are increased, and some of their negative ones (i.e., withdrawal, ataxia, and nausea) are reduced. This makes adolescence a particularly intriguing period for understanding the mechanisms of drug use and addictive behavior, not least because of the hypothesis that an earlier start of drug use in life increases the risk of subsequent addiction (Anthony and Petronis 1995; Dawson 1997, 1998) .
Although adolescence has received a substantial amount of interest in relation to drug use and addiction, the interaction between drugs of abuse and adolescent social behavior remains incompletely understood. Interestingly, among the psychiatric risk factors that have been identified for drug addiction, social dysfunctions in childhood and adolescence are among the most pronounced ones. That is, disruptive behavior disorders (conduct disorder and oppositional defiant disorder) have been identified as an important risk factor for addiction in humans (Costello et al. 2003; Disney et al. 1999; Fergusson et al. 2007; Kim-Cohen et al. 2003; Merikangas and Avenevoli 2000; Rutter et al. 2006; Young et al. 1995) . For instance, conduct disorder has been reported to increase the likelihood of later nicotine, alcohol, or cannabis addiction by five-to sixfold (Disney et al. 1999) . Disruptive behavior disorders are characterized by oppositional, aggressive, and antisocial behaviors (Matthys and Lochman 2010) . Moreover, addictive and antisocial disorders occur two and five times more frequently, respectively, in adolescents with attention deficit hyperactivity disorder than in healthy subjects (Biederman et al. 2006) , perhaps mediated through impaired impulse control. In addition, it is increasingly recognized that factors in the social environment, such as loneliness, subordination, and peer-pressure have marked influences on drug taking (Swadi 1988; Bauman and Ennett 1996; Ong 1989; Andrews et al. 2002) .
One likely neural substrate for the interaction between drugs of abuse and social behavior comprises the circuits involved in positive emotions and motivation. Indeed, many social behaviors, including social play behavior, have intrinsic positive emotional effects (Trezza et al. 2011a; Vanderschuren 2010) , and it may very well be that the positive subjective effects of drugs of abuse are exerted through the same neural systems and brain areas that underlie the positive emotional effects of social behavior (Nesse and Berridge 1997) . In support of this hypothesis, it has been shown that neurotransmitter systems involved in drug reward, such as endogenous opioids, dopamine, and endocannabinoids act in limbic brain regions to mediate positive aspects of social interactions, such as parent-offspring attachment, social play with peers, and social bonds between mating partners (Trezza et al. 2010; Young et al. 2011; Burkett and Young 2012) . From an evolutionary point of view, some of the circuits that control social emotions may have evolved from systems which initially only subserved the control of pain (Panksepp et al. 1980) . For instance, it is of interest that affiliative and prosocial behaviors result in an increased nociceptive threshold mediated by the endogenous opioid system (D'Amato and Pavone 2012).
On the basis of these considerations, it is reasonable to hypothesize that aberrant social behavior in childhood and adolescence is directly related to the vulnerability for drug use and addiction. This may either be because of an underlying dysfunction in the neural circuits of positive emotions and motivation, or because aberrant social behavior evokes changes in brain and behavior that result in an enhanced vulnerability to drug addiction.
The present review explores the relationship between adolescent social behavior and drugs of abuse. First, we will discuss the rewarding properties of the most characteristic form of social behavior displayed by young mammals, i.e., social play behavior, and the effects of drugs of abuse on social play. Next, social risk factors for drug abuse will be summarized, as well as the role of social factors in drug use. In addition, we will describe the consequences of perinatal drug exposure on later social interactions. Implications for future studies will be discussed.
Social behavior as a natural reinforcer in young mammals
After weaning, the structure and function of mammalian social behavior profoundly changes. Whereas the earliest forms of social behavior in life are directed at parents-for the most part, mothers-this changes after weaning into behaviors that are directed at peers. In most, if not all mammalian species, the period in life between weaning and sexual maturation is characterized by an abundance of social play behavior, also referred to as rough-and-tumble play (Fagen 1981; Graham and Burghardt 2010; Panksepp et al. 1984; Pellis and Pellis 2009; Vanderschuren et al. 1997) . Social play behavior is thought to be a specific category of social interaction, rather than a primordial version of sexual, affiliative, or aggressive behavior (Pellis and Pellis 2009; Vanderschuren et al. 1997) . It contains elements of adult social behaviors, but these are displayed in an exaggerated and out-of-context fashion. By varying, repeating, and/or recombining subsequences of behavior outside of their primary context, it is thought that play provides a safe environment to facilitate the development of physical, cognitive, and social capacities, especially to acquire the ability to flexibly use these under changeable circumstances. In addition, by engaging in interactions with peers, young animals learn to communicate, cooperate, and to establish and maintain social relationships. In this way, social play also strengthens group cohesion (Pellis and Pellis 2009; Špinka et al. 2001) .
The word 'play', in itself, already implicates that the activity is pleasurable. Indeed, over the years, laboratory studies in rats and primates have shown that social play behavior has pleasurable and reinforcing effects. These studies used widely employed paradigms to study the positive emotional and motivational effects of food, sex, and drugs, such as place conditioning, operant conditioning, and maze learning (Trezza et al. 2011a; Vanderschuren 2010) .
The first studies demonstrating the reinforcing effects of play were published by Mason and colleagues (Mason et al. 1962; 1963) . They developed an operant conditioning paradigm to demonstrate that chimpanzees would respond for social interaction (play, petting, or grooming). Of the various social activities on offer, play was the strongest reinforcer. Furthermore, they showed that play was as reinforcing as palatable food. To the best of our knowledge, these are the only published studies to demonstrate that play is reinforcing in an operant conditioning paradigm. We have recently developed an operant setup to assess the motivational properties of social play under a progressive ratio schedule of reinforcement in rats .
Maze learning experiments have shown that young rats can readily discriminate between two arms of a T-maze, preferring interaction with an unconfined conspecific over interaction with a caged rat, and preferring interaction with an undrugged and playful, over a drugged, non-playful conspecific (Humphreys and Einon 1981; Ikemoto and Panksepp 1992; Normansell and Panksepp 1990) . Consistent with the operant conditioning findings discussed above, the results from these studies have also shown that play is as powerful an incentive as food.
The positive emotional effects of social play have been repeatedly demonstrated in place conditioning setups in rats (Achterberg et al. 2012; Calcagnetti and Schechter 1992; Crowder and Hutto 1992; Douglas et al. 2004; Fritz et al. 2011a; 2011c; Kummer et al. 2011; Peartree et al. 2012; Thiel et al. 2008; 2009; Trezza et al. 2009b; Van den Berg et al. 1999; Yates et al. 2013) . By and large, these studies have demonstrated that it is social play, rather than non-playful social activities, that induces conditioned place preference. This indicates that social play is the most pleasurable component of the social repertoire of young rats. Thus, rats prefer environments associated with interaction with a non-drugged and playful partner over environments where they interacted with a rat that has been rendered less playful by treatment with scopolamine or methylphenidate (Calcagnetti and Schechter 1992; Trezza et al. 2009b ). Furthermore, the magnitude of conditioned place preference for social interaction was shown to be dependent on the duration of social isolation during the experiment (Trezza et al. 2009b; Yates et al. 2013) , being consistently and significantly expressed only in individually housed rats. This may be related to the observation that the amount of social play displayed by rats in a test session is directly related to the duration of social isolation before the experiment (Niesink and Van Ree 1989; Vanderschuren et al. 1995a; 2008) . Interestingly, using a suboptimal conditioning protocol, Thiel et al. (2008; 2009 ) demonstrated that treatment with nicotine or cocaine, in doses that by themselves did not evoke place preference, but reduced social play, enhanced the development of conditioned place preference for social interaction in rats. These findings suggest that the positive subjective effects of drugs have a cumulative action with those of social interaction, or that their subjective effects are stronger in a social setting. It has been subsequently demonstrated that social play itself is not necessary to evoke conditioned place preference in adolescent rats, as rats also developed place preference for an environment associated with interaction with a conspecific through a wire mesh barrier (Peartree et al. 2012; Kummer et al. 2011) . However, for this place preference to occur, a greater number of conditioning sessions was necessary than for preference for an environment associated with a non-confined, playful partner, demonstrating that social play is a stronger positive incentive than limited physical contact through a mesh barrier.
Effects of drugs of abuse on social play behavior in rats
Consistent with the rewarding effects of social play behavior (Trezza et al. 2011a; Vanderschuren 2010) , drugs of abuse have profound effects on social play (Table 1) . This is not surprising, since drugs of abuse exert their positive subjective effects by impinging upon brain mechanisms that have evolved to mediate the positive effects of survival-promoting activities such as feeding and copulation (Nesse and Berridge 1997) .
Opiates are probably the most widely investigated class of drugs in terms of their effects on social play. It has been repeatedly reported that low doses of morphine enhance social play (Niesink and Van Ree 1989; Panksepp et al. 1985; Trezza and Vanderschuren 2008a; 2008b; Vanderschuren et al. 1995a) , an effect that was mimicked by methadone, fentanyl, and beta-endorphin (Niesink and Van Ree 1989; Vanderschuren et al. 1995b; . The stimulating effect of morphine on social play behavior is most likely exerted through mu-opioid receptors in the nucleus accumbens (Trezza et al. 2011b) . Consistent with the hypothesis that opiates facilitate play by increasing its pleasurable effects, blockade of nucleus accumbens mu-opioid receptors prevented the development of social play-induced conditioned place preference in adolescent rats (Trezza et al. 2011b ). Indeed, nucleus accumbens mu-opioid receptors have also been implicated in the pleasurable effects of palatable food (Kelley 2004; Berridge 2009 ). To further support the importance of the nucleus accumbens in the rewarding properties of social interactions, it has been shown that, if rats are place conditioned by pairing cocaine with one compartment and social interaction with the other, lesioning the nucleus accumbens core or shell shifts the animals' preference toward social interaction or cocaine, respectively (Kummer et al. 2011) . Consistent, temporary inactivation of the nucleus accumbens core increased the time that rats spent on social play (Van Kerkhof et al. 2013) .
With regard to the effect of cannabinoid drugs, it was a remarkable finding that direct and indirect stimulation of cannabinoid receptors yielded opposite effects on social play. Thus, when rats were treated with drugs that directly stimulate CB1 cannabinoid receptors, such as the synthetic cannabinoid receptor agonist WIN55,212-2 (Trezza and Vanderschuren 2008a; 2008b) , methanandamide, a metabolically stable analogue of the endocannabinoid anandamide (Trezza and Vanderschuren 2009) , or with Δ 9 -tetrahydrocannabinol (THC; Fig. 1a, b) , the main psychoactive compound in cannabis, a reduction in social play was found, with no effect on locomotor activity or general social exploration. These effects were mediated by activation of CB1 cannabinoid receptors, since they were prevented by pretreatment with the CB1 cannabinoid receptor antagonist/inverse agonist SR141716A, at a dose that did not affect social play by itself Vanderschuren 2008a, 2008b; 2009; Fig. 1c, d) . In contrast, if animals were treated with drugs that indirectly stimulate CB1 cannabinoid receptors, such as the anandamide hydrolysis inhibitor URB597 or the endocannabinoid reuptake inhibitor VDM-11, social play behavior was enhanced Trezza and Vanderschuren 2008a; 2008b) . These opposite effects of direct and indirect cannabinoid receptor agonists are probably the result of the fact that there is little, if any, constitutive cannabinoid activity in the brain, whereas CB1 cannabinoid receptors are widely distributed in the central nervous system. Therefore, treatment with direct cannabinoid receptor agonists will indiscriminately stimulate CB1 cannabinoid receptors, including in regions where cannabinoid activity evokes emotional or cognitive changes that hamper the expression of social play. If indirect cannabinoid agonists are used, however, only ongoing cannabinoid activity, relevant to the given situation, will be stimulated (Di Marzo et al. 2004; Piomelli 2003) . Together, these data indicate that endocannabinoids are released in brain regions involved in social play behavior, and that stimulating this endocannabinoid activity facilitates social play. Indeed, subsequent work showed that social play is associated with increased anandamide levels in the nucleus accumbens and amygdala, and that stimulation of endocannabinoid activity within the nucleus accumbens, and especially the basolateral amygdala enhances social play behavior in adolescent rats .
Treatment with ethanol has repeatedly been shown to have biphasic effects on social play behavior in adolescent rats. Low doses facilitate play, whereas higher doses reduce it (Trezza et al. 2009a; Varlinskaya et al. 2001; 2010; Varlinskaya and Spear 2002) . It remains to be shown whether the stimulating effect of a low dose of ethanol is the result of social disinhibition, or by an enhancement of the pleasurable or motivational effects of play. It is unlikely that ethanol facilitates play through its anxiolytic effects, for two reasons. First, ethanol does not seem to facilitate social play to a greater extent in an unfamiliar environment (Trezza et al. 2009a; Varlinskaya and Spear 2002; . Second, a dose of ethanol that increases social play has no anxiolytic-like effects in the elevated plus-maze test in adolescent rats (Trezza et al. 2009a ).
An enhancement of social play behavior has been reported after treatment with a low dose of nicotine (Trezza et al. 2009a ). Interestingly, another study showed that subeffective doses of nicotine, given in combination with sub-threshold levels of social experience (i.e., a level of social activity insufficient to induce CPP), did produce CPP, although nicotine alone had no effect, or induced a reduction in play, depending on dose and route of administration (Thiel et al. 2009 ). Together, these findings indicate that nicotine and ethanol, under certain circumstances, facilitate social play behavior, which may contribute to tobacco and alcohol use in adolescence.
The data summarized above indicate that drugs of abuse, most likely through their interaction with the neural circuits of positive emotions and motivation, enhance rewarding social interactions in adolescent rats. By extension, one would assume that enhancement of social play behavior is a property that all drugs of abuse have in common. However, psychostimulant drugs stand apart as a class of drugs that potently inhibits social play behavior in rats. Indeed, the play-suppressant effects of low doses of cocaine (Ferguson et al. 2000; Thiel et al. 2008; Achterberg et al. 2013) , amphetamine (Beatty et al. 1982; Thor and Holloway 1983; Sutton and Raskin 1986; Achterberg et al. 2013) , methylphenidate (Beatty et al. 1982; Thor and Holloway 1983; Vanderschuren et al. 2008) , and MDMA (Homberg et al. 2007 ) are well-documented and consistent findings in the literature. The neural and behavioral underpinnings of these effects are incompletely understood. These effects occur at doses of these drugs that are too low to induce marked psychomotor hyperactivity, suggesting that it is not an epiphenomenon of hyperactivity or stereotypy. Moreover, unlike their psychomotor effects (Delfs et al. 1990; Kelly et al. 1975; Pijnenburg et al. 1975) , the effects of psychostimulant drugs on social play are not primarily mediated through a dopaminergic mechanism. They are not mimicked by treatment with a dopamine reuptake inhibitor (Vanderschuren et al. 2008) or a non-selective dopamine receptor agonist (Beatty et al. 1984; Niesink and Van Ree 1989; Vanderschuren et al. 2008) , and not blocked by pretreatment with a non-selective dopamine receptor antagonist (Beatty et al. 1984; Vanderschuren et al. 2008; Achterberg et al. 2013) . Rather, the effects of methylphenidate and amphetamine on social play behavior were mimicked by the selective noradrenaline reuptake inhibitor atomoxetine, and blocked by the alpha2-adrenoceptor antagonist RX821002 (Vanderschuren et al. 2008; Achterberg et al. 2013) , indicating a noradrenergic mechanism of action. Remarkably, a recent study found that the effect of cocaine on social play was not antagonized by α2-noradrenergic, dopaminergic, or serotonergic receptor antagonists, administered either alone or in combination (Achterberg et al. 2013) . Interestingly, the effects of a subeffective dose of cocaine were enhanced by a combination of subeffective doses of a serotonin reuptake inhibitor, a dopamine reuptake inhibitor, and a noradrenaline reuptake inhibitor. This suggests that cocaine reduces social play by Homberg et al. 2007 simultaneous increases in dopamine, noradrenaline, and serotonin neurotransmission (Achterberg et al. 2013) . It should be noted that psychostimulant administration during adolescence not only suppresses social play behavior, but it also enhances aggression in adulthood. Thus, Syrian hamsters treated with cocaine during adolescence (DeLeon et al. 2002; Harrison et al. 2000; Melloni et al. 2001 ) display enhanced offensive aggression in adulthood. Moreover, amphetamine administration has been shown to affect male-to-female aggression in prairie voles Gobrogge and Wang 2011) .
Collectively, the studies outlined in this section clearly show that the most characteristic and vigorous form of social interaction displayed by young mammals, i.e., social play behavior, has rewarding properties and is profoundly affected by treatment with drugs of abuse.
Social risk factors for drug addiction
In the previous section, we described how treatment with drugs of abuse alters social behavior in adolescent rats. Conversely, it is therefore reasonable to assume that social factors influence drug use and the vulnerability for addiction, which is the topic of this section. Studies in humans have identified antisocial behavior as a prominent risk factor for addiction, and this is elaborated upon below. Next, we will discuss studies in animals that have shown that social insults in early life increase later drug taking, as well as how drug selfadministration can be influenced by social factors at or around the time of self-administration testing (Table 2) . Last, we discuss how, conversely, parental drug taking alters social behavior in their young offspring.
Clinical evidence: antisocial personality disorder as a predisposing factor
The risk for addictive disorders is not equally distributed in the general population. Alcohol and drug addiction are predisposed by behavioral and cognitive personality traits, through interaction with the physical and social environments (Ersche 2013) . Thus, several studies have shown that antisocial personality disorder (ASPD) is highly comorbid with drug and alcohol addiction (Alterman and Cacciola 1991; Cloninger et al. 1978; Helzer and Pryzbeck 1998; Hesselbrock and Hesselbrock 2006; Kessler et al. 1996; Kofoed and MacMillan 1986; Regier et al. 1990 ). For example, in a large sample of US adults from The National Epidemiologic Survey on Alcohol and Related Conditions (2001-2002) , addictive disorders significantly correlated with the prevalence of ASPD. Indeed, even after correction for demographic characteristics and the presence of other psychiatric disorders, a more than twofold increase in lifetime drug abuse and addiction was observed in subjects with ASPD (Compton et al. 2007 ). Not only was the prevalence increased, but patients with ASPD also appear to start abusing drugs and alcohol at an earlier age, have more severe abuse, and have a stronger family history of psychiatric and substance use disorders compared with non-ASPD substance abusers (Altman et al. 1996; Alterman and Cacciola 1991; Carroll et al. 1993; Hesselbrock 1986; Randolph and Yates 1993) . Individuals with ASPD display a collection of symptoms reflecting patterns of irresponsible and antisocial behaviors that often begin in childhood and persist into adulthood (American Psychiatric -tetrahydrocannabinol (THC) reduces social play behavior, through stimulation of CB1 cannabinoid receptors. Pairs of 4-week-old, weight-matched male Wistar rats were socially isolated for 3.5 h before the test, and treated 30 min before a 15-min test of social play behavior as described previously (Trezza and Vanderschuren 2008a) . Shown here are frequencies of pinning and pouncing. Pinning comprises one animal lying with its dorsal surface on the floor with the other animal standing over it. This is the most characteristic posture in social play in rats that occurs when one animal is solicited to play by its test partner and rotates to its dorsal surface to prolong the playful interaction. Pouncing is an index of play solicitation, i.e., one animal is soliciting the other to play, by attempting to nose or rub the nape of the neck of the test partner. THC dose-dependently reduced pinning compared to the vehicle (VEH) group (a; Childhood antisocial behavior, i.e., conduct disorder (CD), has been suggested to predispose to the development of drug and alcohol addiction (Hawkins et al. 1992) . For instance, in a study of 626 pairs of adolescent twins, CD was found to increase the risk for substance problems in adolescence, especially if antisocial characteristics persisted after adolescence (Disney et al. 1999) . In line with this finding, a diagnosis of early childhood antisocial behavior is associated with earlier onset of alcohol and drug addiction (Lewis 2011; Harpur and Hare 1994; Hesselbrock and Hesselbrock 2006; Young et al. 1995; Wilens and Biederman 1993) . Indeed, CD and oppositional defiant disorder (together referred to as disruptive behavior disorders; Matthys and Lochman 2010) are considered to be the most prominent psychiatric risk factor for addiction (Costello et al. 2003; Disney et al. 1999; Fergusson et al. 2007; Kim-Cohen et al. 2003; Merikangas and Avenevoli 2000; Rutter et al. 2006; Young et al. 1995) . On the other hand, adult antisocial behavior is not necessarily preceded by antisocial behavior in childhood and adolescence. That is, adult antisocial behavior without a history of childhood antisocial behavior is often classified as adult antisocial behavioral syndrome (AABS), which is also frequently diagnosed in addicted patients. Thus, in a study that examined the rates of different antisocial syndromes among cocaine-addicted and cannabis-addicted individuals, more than half of the addicted patients who met the adult behavioral criteria for ASPD did not meet the criteria for a childhood diagnosis of conduct disorder, and were considered to have AABS (Mariani et al. 2008) . The dissociation between the onset of antisocial characteristics, i.e., CD versus AABS, might be helpful to understand the predisposing role of antisocial behavior in drug and alcohol addiction versus drug-induced antisocial behavior (see below).
Together, these studies indicate that antisocial behavior disorders are associated with an increased vulnerability for drug and alcohol addiction, although the underlying neurobehavioral mechanisms are as yet unknown. There may be a common genetic vulnerability for these disorders (Hicks et al. 2004) . Alternatively, certain behavioral or neural characteristics of disruptive behavior disorders may enhance the risk for addictive behavior (Finn et al. 2002; Fairchild et al. 2009; Schutter et al. 2011) . Indeed, neurobiological and psychological studies have indicated that disruptive behavior Nader et al. 2012a disorders are associated with reduced sensitivity to reward, reduced sensitivity to punishment, as well as impairments in executive functions (for review see Matthys et al. 2012 Matthys et al. , 2013 . Interestingly, these phenomena have also been implicated in addictive disorders (Bechara 2005; Dalley et al. 2011; Everitt and Robbins 2005; Goldstein and Volkow 2011; Koob and Volkow 2010; O'Brien 1996; Perry and Carroll 2008; Verdejo-García et al. 2008 ).
Preclinical evidence: the influence of post-weaning social isolation on drug-related behaviors Social isolation during post-weaning development causes long-lasting changes in the neural substrates of reward and motivation (Fone and Porkess 2008; Heidbreder et al. 2000; Neisewander et al. 2012; Robbins et al. 1996) . Behaviorally, it has been found that rats deprived of social interactions after weaning consume greater amounts of ethanol (Schenk et al. 1990 ) and morphine (Marks-Kaufman and Lewis 1984) than their group-housed counterparts. Furthermore, post-weaning social isolation in rats enhances intravenous selfadministration of cocaine (Boyle et al. 1991; Ding et al. 2005; Gipson et al. 2011; Howes et al. 2000; Schenk et al. 1987 ) and amphetamine (Bardo et al. 2001 ). However, reduced self-administration of intravenous cocaine and intraaccumbens amphetamine, especially at high doses, has also been reported (Howes et al. 2000; Phillips et al. 1994a, b) , likely indicating a leftward shift in the dose-response curve of self-administration. Together, these findings show that postweaning social isolation in rats alters the sensitivity to the positive subjective and reinforcing properties of drugs. However, in these so-called isolation rearing models, animals are continuously isolated from weaning onwards. Therefore, the precise period of social isolation that is important for inducing neurobehavioral changes that underlie the sensitivity for drug use remains unclarified. The consequences of social isolation during the first weeks post-weaning specifically (i.e., the juvenile and early adolescent phases, when social play behavior is most abundant) have been investigated in two studies so far. In the first of these, rats that had been socially isolated from postnatal days 21-42 showed enhanced amphetamineand alcohol-induced conditioned place preference (Whitaker et al. 2013 ). In addition, socially isolated rats displayed slower extinction of amphetamine-induced conditioned place preference. These effects were not observed in animals that had been socially isolated at a later time point (i.e., postnatal days 42-63) or for a shorter period of time (i.e., postnatal days 21-28). This change in the sensitivity to amphetamine and alcohol was associated with an increased excitatory drive onto dopaminergic neurons in the ventral tegmental area (Whitaker et al. 2013 ). In the other study, it was shown that social isolation from postnatal days 21-42 followed by 6 weeks of resocialization increased the acquisition of cocaine self-administration. Moreover, the isolated rats showed increased motivation for cocaine under a progressive ratio schedule of reinforcement. The reinforcing properties of cocaine (assessed using a dose-response analysis of selfadministration), or extinction and reinstatement of responding were not altered (Baarendse et al. 2013) . Together, these studies indicate that early social isolation causes a longlasting increase in the sensitivity to drugs of abuse, even after prolonged resocialization. Table 2 summarizes the effects of post weaning social isolation on drug self-administration.
Social influences on drug taking
The findings summarized above indicate that, in rats, social experiences during development induce persistent neurobiological changes that alter the sensitivity to the positive subjective and reinforcing properties of drugs. Social factors later in life, such as dominance status, also affect drug use (for review see Nader et al. 2012a) . Most widely investigated is the influence of social defeat stress on drug taking (for reviews see Miczek et al. 2008; Neisewander et al. 2012 ) that will not be discussed in detail here. Recent studies have investigated the influence of presence of a conspecific on drug selfadministration in rats. Some of these studies have shown that this depends on whether the conspecific has access to the drug or not, since access of both animals to cocaine facilitated selfadministration, but presence of a conspecific without access to cocaine inhibited it in the self-administering rat (Smith 2012; Peitz et al. 2013) . In another study in rats, presence of a cagemate during amphetamine self-administration enhanced intake of a high unit dose of the drug, but reduced it for a low unit dose, indicating that social influences also interact with drug dose (Gipson et al. 2011) . Furthermore, investigation of social influences of ethanol drinking in prairie voles demonstrated that drinking was only facilitated if the cagemate was of the same sex (Hostetler et al. 2012) . There is also evidence to support the idea that adolescent social interactions promote drug taking by surmounting the aversive properties of drugs. For example, demonstration of a drug-associated cue by a familiar conspecific has been shown to overcome the aversive effects of nicotine in adolescent rats, facilitating the acquisition of nicotine self-administration (Chen et al. 2011) . Social interaction promoted nicotine intake even after acquisition, since less nicotine was taken in the absence of the demonstrator (Chen et al. 2011) . Similarly, adolescent rats were less sensitive to the aversive properties of ethanol when intoxication occurred in the presence of a peer (Vetter-O'Hagen et al. 2009 ). These recent studies provide an excellent starting point for the investigation of social factors that affect drug use, showing that social influences on drug taking rely on a variety of factors, such as simultaneous access to drug (as a proxy for drug use in a social context), but also sex, and pharmacological factors such as drug dose.
A further, perhaps obvious aspect of social behavior that has consequences for addictive behavior is the nature of the interaction. Analysis of the individual differences in social interaction has suggested that rats that show less social interest are more vulnerable to the development of inflexible amphetamine intake later on (Galli and Wolffgramm 2004) . Furthermore, drug taking has also been shown to be influenced by social rank. Subordinate rats consume more ethanol, benzodiazepines, D-amphetamine, and opiate solutions as compared with their dominant counterparts, even if the hierarchical situation is not present anymore (Blanchard et al. 1987; Ellison 1981; Heyne 1996; Wolffgramm and Heyne 1991; Heyne and Wolffgramm 1998) . In line with rodent studies, it has been shown that low-ranking monkeys drink more ethanol than their high-ranking counterparts (McKenzie-Quirk and Miczek 2008) . Furthermore, social housing in male macaque monkeys evoked an increased susceptibility of subordinate monkeys to the reinforcing effects of cocaine, which was associated with lower striatal dopamine D2 receptor density (Morgan et al. 2002) . Although the differences in cocaine self-administration and striatal D2 receptor density between dominant and subordinate monkeys dissipated with prolonged self-administration experience (Czoty et al. 2004) , the relative reinforcing strength of cocaine over food remained higher in subordinates (Czoty et al. 2005) . Moreover, choice for cocaine appeared to be less sensitive to response requirement (i.e., less elastic) in subordinate male monkeys with an extensive cocaine self-administration history (Czoty et al. 2005) . Interestingly, whereas a subsequent study (Nader et al. 2012b ) confirmed the higher striatal D2 receptor density in dominant female macaques, it also showed that dominant females (in contrast to dominant males; Morgan et al. 2002) acquired cocaine self-administration at lower doses than subordinates. Thus, the interaction between social rank, dopamine D2 receptor density, and cocaine reinforcement appears to be sex-dependent. It should be noted that dominant animals not only win more physical confrontations, but also receive more social attention, such as grooming and huddling. Consistent with the observation that dominant monkeys have higher striatal dopamine D2 receptor densities, a correlation between social status, social support, and striatal dopamine D2 binding has also been found in humans. Healthy volunteers with a higher social status or perceived social support had higher values for D2 receptor binding (Martinez et al. 2010) . Moreover, a lower density of D2 receptors in the putamen has been found to correlate strongly with detached personality, a trait that includes lack of closeness and warmth in personal relations (Farde et al. 1997) . Consistent with these studies in humans, indicating that lower striatal dopamine D2 receptor density is associated with adverse social traits, rodent work has also found that several weeks of social isolation in adult rats lead to lower striatal dopamine D2 receptor densities (Bean and Lee 1991; Rilke et al. 1995; Wolffgramm and Heyne 1995) . Table 2 summarizes the role of conspecifics and social rank on drug-related behaviors in laboratory animals.
Disrupted adolescent social behavior by developmental drug exposure
The negative association between drug exposure and social behavior is apparent from early development onwards. Both preclinical and clinical studies have shown that exposure to alcohol and addictive drugs during pregnancy and lactation can have profound consequences on behavior in the offspring, including those in the social domain (Fried 2002) . Infants, young children, and adolescents prenatally exposed to alcohol or cocaine show a variety of deficits in social behaviors, including poor social attachment, aggressive, and abnormal play behavior (Chasnoff et al. 1987; Oro and Dixon 1987; Rodning et al. 1989; Sobrian and Holson 2011) and higher prevalence of antisocial behavior (D'Onofrio et al. 2007; Disney et al. 2008; Olson et al. 1997; Riley and McGee 2007) . Interestingly, deficits in social behavior, such as antisocial and delinquent behavior, have been associated with prenatal alcohol exposure in adolescents and adults who did not fulfill the diagnosis of fetal alcohol syndrome (FAS), i.e., after exposure to lower doses of alcohol than necessary to produce the full FAS spectrum (Carmichael-Olson et al. 1997) . However, evidence linking gestational drug exposure in humans to social defects is subject to a variety of confounding variables, such as the number and doses of drugs used, stage of pregnancy, timing of drug exposure, druginduced alterations in maternal appetite, or the influence of social problems typically associated with drug use. In this context, animal models provide important information about the relationship between drug exposure at very early developmental stages and later social behavior. Thus, exposure to a moderate dose of THC during pregnancy and lactation decreased social play behavior in rats . Likewise, the synthetic cannabinoid agonist CP55,940, repeatedly administered during the postnatal period, reduced social interaction in 60-day-old rats (O'Shea et al. 2006) . Remarkably, prenatal treatment with a moderate dose of ethanol reduced adolescent social play (Mooney and Varlinskaya 2011) , whereas prolonged treatment with high doses of ethanol (mimicking the FAS spectrum) increased it . Prenatal exposure to morphine was also shown to increase social play behavior in rats (Hol et al. 1996; Niesink et al. 1996; . Treatment with cocaine during gestation, on the other hand, was found to reduce social play behavior in rats in two studies (Wood et al. 1994; , whereas another study found increased play, but retarded learning of a play-rewarded T-maze task (Willford et al. 1999) . Combined, these data indicate that prenatal drug exposure does induce changes in social behavior and social play in rats, but that the direction of the difference depends on the drug and exposure regimen.
Concluding remarks
In the present review, we have discussed the importance of the dynamic social repertoire of developing animals, where peerpeer interactions in youth are thought to play a critical role in social and cognitive development. Furthermore, we have reviewed the empirical evidence that social play behavior in adolescence has rewarding effects, and that acute administration of drugs of abuse affects social play behavior in rats. In the second part of the article, we address the social influences on drug use and drug addiction. Social aberrations, in the form of conduct disorder and antisocial personality disorder, have been identified as prominent risk factors for addiction. Conversely, interfering with post-weaning social development affects the sensitivity for later drug use. Moreover, changes in the social environment have clear, but complex consequences for drug taking, whereas developmental exposure to drugs of abuse has deleterious effects on later social behavior.
Together, these data demonstrate a clear relationship between social interactions and drug use. The substrates for this interaction comprise the neural circuits involved in positive emotions and motivation, upon which both positive social interactions and drugs of abuse impinge. In addition, there appears to be a bidirectional interaction between social behavior and drug addiction, as certain social deficits and insults enhance the vulnerability to addiction, and addictive behavior can adversely affect the quality of social interactions.
The findings reviewed here provide a clear outline of a most intriguing research field, which promises to contribute a great deal to our understanding of the neurobiology of social behavior, addictive behavior, and the interaction between those two. There are several outstanding questions, which would be relevant to address in future studies. First of all, the nature of the predisposing role of antisocial behaviors in drug addiction needs to be clarified in more detail. Does antisocial behavior directly enhance the vulnerability to addiction, and if so, are the most important mechanisms of a neural or a societal kind? Or, is it rather that both antisocial behavior and drug addiction are the result of a common set of (genetic, neural, or social) vulnerability factors? Research so far has indicated that CD is associated with deficient reward processing, punishment processing, and executive dysfunction (Matthys et al. 2012 (Matthys et al. , 2013 , which provides multiple, perhaps interacting roads by which CD increases the risk for addiction. To resolve these issues, both human and animal studies can make a major contribution. For example, animal studies have the advantage that cause and consequence can more readily be distinguished than human studies. In addition, they allow for a more detailed investigation of the neural substrates of behavior. On the other hand, long-term prospective studies in humans are indispensable to firmly make the case that what has been indicated by animal studies is indeed what happens in humans. As for animal studies, isolation rearing approaches have provided ample evidence that early social disruptions increase the sensitivity to drugs of abuse. Conversely, this suggests that a supportive social environment during development could be a protective factor against drug and alcohol addiction. However, what still needs to be revealed, is which period in development is the most sensitive for social insults to increase the risk for later addiction (for review see Vanderschuren and Trezza 2013) . In addition, the availability of novel animal models that emulate symptoms of addiction and relapse (e.g., Cooper et al. 2007; DerocheGamonet et al. 2004; Hopf et al. 2010; Lesscher et al. 2010; Pelloux et al. 2007; Vanderschuren and Everitt 2004 , for reviews see Lesscher and Vanderschuren 2012; Shaham et al. 2003; Vanderschuren and Ahmed 2013) , allows for the critical test whether social insults during development alter the sensitivity to drug use, drug addiction, or relapse. Last, the emerging field that investigates social influences on drug taking (Chen et al. 2011; Gipson et al. 2011; Hostetler et al. 2012; Peitz et al. 2013; Smith 2012) points to a complex interaction between drug use and the social environment. These studies call for a further, in-depth analysis of how social factors affect drug taking.
